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blade lift-curve slope, per rad
blade coning angle measured from hub plane in the hub-wind axes system, rad
longitudinal first-harmonic flapping coefficient measured from the hub plane in
the wind-hub axes system, rad
lateral acceleration, m/sec 2 (ft/sec 2)
lateral first-harmonic flapping coefficient measured from hub plane in the wind-
hub axes system, rad
rotor thrust coefficient, T/p(_R2)(_R) 2
Drag force, N (ib)
rotor force normal to shaft, positive downwind, N (Ib)
incidence of horizontal stabilator, positive for leading edge up, rad
tail rotor cant angle, rad
pitch-flap coupling ratio, _ tan 6 3
fuselage rolling moment, N-m (ft-lb)
fuselage lift, N (ib)
rolling moment, pitching moment, and yawing moment, respectively, N-in (ft-lb)
roll, pitch, and yaw rates in the body-c.g, axes system, rad/sec
i
dynamic pressure, _ QV 2 , N/m 2 (ib/ft 2)
torque, N-m (ft-lb)
rotor radius, m (ft)









longitudinal, lateral, and vertical velocities in the body-c.g, system of axes,
m/sec (ft/sec)
tail rotor induced velocity at rotor disk, m/sec (ft/sec)
vertical location in the fuselage axes system, m (ft)
longitudinal, lateral, and vertical forces in the body, c.g. axes system, N (ib)
Stabilizing surface angle of attack, rad
Sw rotor sideslip angle, rad
blade Lock number, pacR4/I BY
6 equivalent rotor blade profile drag coefficient
6 lateral cyclic stick movement, positive to right, cm (in.)
a
6 collective control input, positive up, cm (in.)
C
6 longitudinal cYclic stick movement, positive aft, cm (in.)
e
6 pedal movement, positive right, cm (in.)
P
A increment in
0 Euler pitch angle, rad
blade root collective pitch, rad
O







rotor advance ratio, fiR
air density, kg/m 3 (slugs/ft a)
rotor solidity ratio, blade area/disk area
Euler roll angle, rad
Euler yaw angle, rad
rotor angular velocity, rad/sec
iv
_ / • _r / r y¸ .........
Subscripts:
B body-c.g, axes system relative to air mass
C cant axes system
CW cant-wind axes system
c.g. center of gravity
f fuselage









This report documents the revisions made to a mathematical model of a single
main rotor helicopter. These revisions were necessary to model the UH-60 helicopter
accurately. The major modifications to the model include fuselage aerodynamic force
and moment equations that are specific to the UH-60, a canted tail rotor, a horizontal
stabilator with variable incidence, and a pitch bias actuator (PBA). In addition,
the model requires a full set of parameters which describe the helicopter configura-
tion and its physical characteristics.
INTRODUCTION
A ten-degree-of-freedom, nonlinear mathematical model that is suitable for real-
time piloted simulation of single rotor helicopters is described in reference i. This
simulation model includes the rigid body equations of motion and an aerodynamic model
that provide the aerodynamic force and moment characteristics of the aircraft, a
generalized stability and control augmentation system, and a simplified engine/
governor model.
Revisions to the model were made with the following objectives:
i. Improvement of the fidelity of the UH-60 fuselage aerodynamic model over a
wide range of angles of attack and sideslip angles.
2. Modification of the tail rotor aerodynamic model to include the option of
canting the tail rotor and modeling its associated aerodynamic effects.
3. Incorporation in the model of the control system for the UH-60 horizontal
stabilator with variable incidence and the resultant aerodynamic effects.
4. Incorporation of the UH-60's pitch bias actuator as part of the stability
and control augmentation system.
This report describes the four major modifications to the model; the fuse-
lage aerodynamic force and moment equations that are specific to the UH-60, a canted
tail rotor, the UH-60 horizontal stabilator with variable incidence, and the UH-60
pitch bias actuator. In addition, a section describing the physical characteristics
of the UH-60 and the parameters required by the model is also included.
REVISIONS TO THE FUSELAGE AERODYNAMICS
The UH-60's fuselage aerodynamics were modeled using extensive wind-tunnel test
data presented in reference 2. The fuselage force and moment equations were derived
from these test data using a regression algorithm (ref. 3). This algorithm basically
fits a curve to input data as a nonlinear function of several aerodynamic variables
that are specified by the user (_, _, sin _, _2, . . .). These equations replace the
fuselage force and momentequations given in reference 1 since they are specific to
the UH-60helicopter.
The equations derived depend on the conventional definition of the angles of
attack and sideslip used in the wind tunnel. These angles are not Euler angles. The
angle of attack is the geometric angle subtended by the model relative to tunnel axis






wf = wB + qB(STAf - STA ) - w.c.g. if
The sideslip angle is the yaw table angle in the horizontal plane of the tunnel,
irrespective of the angle of attack.
6 _ -_W _ tan-i vf
wf /u_ + w_
where
A
vf = v B - rB(STA f - STA )
c.g.
The longitudinal forces and moments are dependent on both the angle of attack and on
the sideslip angle. The lateral forces and moments are dependent only on the sideslip
angle.
Forces:





Lift: -- = 29.3616 sin _f + 43.4680 sin 2_f - 81.8924 sin 2 _f - 84.1469 cos _f
q
2 + 85.3496
- 0"821406xi0-I _w + 3.00102 sin 4_w + 0.0323477 _w
= 35.3999 sin _w + 71.8019 sin 2_w - 8.04823 sin 4_w - 0.980257xi0 -12
q
Moments:
Pitching: _ = 2.37925 _f + 728.026 sin 2_f + 426.760 sin 2 _f + 348.072 cos _f
q
- 510.581 cos 3 _w + 56.111
Rolling: = 614.797 sin _w + _ (-47.7213 cos 4_w - 290.504 cos 3 _w




q _ (455.707 cos _ @w 428.639)
= 0.0 -i0° < _w < I0°
q - _
_w 4 _
q = 220.0 sin 2_w + _ (671.0 cos _w 429.0)
= -278.133 sin 2_w + 422.644 sin 4_w - 1.83172
q
i0 ° < l_wl < 25 °
20° < I%1-<90°
-20° S _w i 20°
Plots of fuselage drag, lift and pitching moment vs the angle of attack are shown
in figures i, 2, and 3. Plots of incremental drag, lift, and pitching moment vs
sideslip (Bwf = -_w) are shown in figures 4, 5, and 6. Figures 7, 8, and 9 show
fuselage sideforce, rolling and yawing moments vs sideslip. For all these plots,
the wind-tunnel data are shown as well as the data generated from the equations
derived using the regression algorithm.
CANTED TAIL ROTOR
The UH-60 helicopter was designed with a canted tail rotor mounted on the right
side of the vertical fin. In order to find the aerodynamic force and moment contribu-
tions from the canted tail rotor it was necessary to introduce two additional axes
systems: the cant axis system (subscript C), and the cant-wind axis system (sub-
script CW). Once these axes systems and the transformations between them have been
defined, the development of the tail rotor flapping, force, and moment equations




rTRc_ / _ -'_
WTR _,_
ZTRc _ .) rB qTRc
_ YB (+ RIGHT)
qB
YTR C
Z B (+ DOWN)
Sketch A
The velocities at the rotor hub in the cant axis system are:
UTR C UTR
VTR C = WTR cos K + VTR sin K
WTRC = -VTR cos K + WTRsin K
where K = tail rotor cant angle. So when K = 0°, the cant axis system coincides
with the axis system codirectional with the body-c.g, system.
VTR C = WTR , WTR C -VTR
The advance ratio for the tail rotor in the cant axis system is:
+ c
_TR C _R_TR
The angles of attack and sideslip for the tail rotor in the cant axis system are
defined as (sketch B):
WTRc
._ UTR C (+ FORWARD)
tWTRc_








/_TRc = tan-1 k u--_Rc I
VTR C
Sketch B
The angular velocities in the cant axis system are:
PTR C PB
qTRc = rB cos K + qB sin K
rTR C = -qB cos K + rB sin K
4
The roll and pitch rates in the cant-wind axis system are:
PTRc W = qTRc sin BTR C + PTRc cos BTR C
qTRc w = -PTRc sin BTR C + qTRc cos 8TR C
The flapping coefficients are:
= __ _2 _ + f2TR C







£TR C = 1 4
2
+ K_T R + I +7 TR C
4
fITR C = _ _TRcaoTR
16 qT RCW
YTR_TR PTRcw _TR
8 KITR_TRcao T +f2TR C = _3 R
(_ R) PTRcw16qTRcw 8 e + 20 + 21 T
YTR_TR _TRc °TR tTR _TR
The forces on the tail rotor in the cant-wind axis system (TTRcw, HTRcw, YTRcw, QTRcw)
are the same as the equations given in reference 1 with _TR, PTR' qTR, aiTR' bITR' and
6TR replaced by _TRc , PTRcw, qTRcw, aITRc , bITRc , and _TR C, respectively, where the
rotor blade profile drag coefficient is:
/ 6C T 2
_TRc = 0.009 + 0.3f TRcwI
°TRaTR/




2 RC + ITR
The induced velocity at the tail rotor is:
ViTRc = -ITR_RaTR + WTR C
ViT R = -ViTRc cos K
The forces on the tail rotor in the cant axis system can be calculated using a trans-
formation from cant-wind axes to cant axes:
_R C = -HTRcw cos _TR C - YTRcw sin BTR C
YTR C = YTRcw cos 13TRC - HTRcw sin t3TR C
ZTR C = -TTRcw
Similarly, through another transformation, the body axis forces and moments can be
calculated:
_R = XTR C
YTR = -ZTR C cos K + YTR C sin K
ZTR = YTR C cos K + ZTR C sin K
_R = -QTRcw cos K + ZTR(ST_R - STAc.g"
LTR = YTR(WLTR - WE )c.g.
NTR = QTRc W sin K - YTR(STATR - STAc.g .)
) - XTR(_TR - WL )
c.g.
HORIZONTAL STABILATOR
The purpose of a horizontal stabilator with variable incidence is to eliminate
excessively nose-high attitudes at low airspeed caused by downwash impingement on the
stabilator and to optimize pitch attitudes for climb, cruise, and autorotational
descent.
The position of the horizontal stabilator for the UH-60 is programmed between
8.0 ° trailing-edge-up and 39.0 ° trailing-edge-down as a function of four variables:
i. Airspeed
2. Collective Control Position
3. Pitch Rate
4. Lateral Acceleration
A detailed description of each of these four feedback loops is given in reference 2.
6
Figure i0 is a block diagram of the UH-60horizontal stabilator control system
(ref. 2). This logic has been incorporated in the generalized stability and control
augmentation system of the math_model. The stabilator logic also includes the provi-
sion for a fixed horizontal tail incidence that is to be specified by the pilot.
PITCHBIAS ACTUATOR
The UH-60's control system includes a pitch bias actuator (PBA), a variable
length control rod which changes the relationship between longitudinal cyclic control
and swashplate tilt as a function of three flight parameters: pitch attitude, pitch
rate, and airspeed. The main purpose of the PBAis to improve the apparent static
longitudinal stability of the aircraft. A detailed description of the PBAis given
in reference 2.
The PBAwas modeled directly from the block diagram shownin figure Ii (ref. 2).
The airspeed feedback is only active between 80 and 180 knots since below 80 knots,
the airspeed feedback for the stabilator performs the samestability function. The
pitch attitude and rate feedback is active throughout the entire speed range. As can
be seen from the block diagram, the PBAactuator authority is 15%of longitudinal
cyclic full throw and has a maximumrate limit on the actuator travel of 3%per sec.
The output of the PBAis added to the total longitudinal cyclic control. The PBA
logic includes an on/off switch to inactivate the PBA, if desired.
UH-60DESCRIPTIONREQUIREMENTS
Table 1 lists the parameters required to model the UH-60 and the values used in
the math model. This table is identical to table J-i in reference i, except that
most of the required fuselage parameters have been eliminated because of the modifi-
cations to the fuselage aerodynamic model. The values listed for the UH-60 in
table 1 were obtained from reference 2.
Table 2 lists the nonzero feedforward, crossfeed, and feedback gains for the
UH-60control system (see fig. 4 of ref. i). A detailed description of the four con-
trol couplings is given in reference 2.
Table 3 lists the parameters that are required to model the two General Electric
T700-GE-700engines that power the UH-60and the values that are used in the math
model. Thesevalues are based on available T700-GE-700engine data for the AH-64
helicopter.
UH-60TRIMCHARACTERISTICS
Table 4 lists the four control positions, _e, 6a, _c, and _, the lateral andF
vertical velocities in body axes, VB and WB, and the Euler pitch and roll angles,
@and 9, for the UH-60 trirmned in level flight at a variety of airspeeds.
UH-60 STABILITYDERIVATIVES
Dimensional stability derivatives for the UH-60math model are presented in
tables 5 through I0. These derivatives were generated under the following conditions:
• level flight
• pitch bias actuator on
• horizontal stabilator active
• engine/governor model off
and with the following perturbation sizes:
AuB = 1.0 ft/sec
AvB = 1.0 ft/sec
AwB = 1.0 ft/sec
APB= 5.0 deg/sec
AqB= 5.0 deg/sec
ArB = 5.0 deg/sec
A_ = 0.i in.e
A_ = 0. I in.a
A_ = 0. i in.
c
A_ = 0. I in.
P
The force and moment dimensional stability derivatives were obtained by considering
both positive and negative perturbations about a reference trim condition. The
derivatives are defined as follows:
1 8X 1 8M
X( ) = m 2( ) M( ) = I 8( )
YY
1 8Y 1 8L
Y( ) m 8( ) L( ) I 2( )
xx
I 8Z 1 8N
Z( ) = m 8( ) N( ) = I 8( )
zz
MODEL VALIDATION
Validation of the UH-60 math model was accomplished by comparison of trim and
stability derivative data that were generated from the UH-60 math model with data that
were generated from a similar total force and moment math model of the UH-60, devel-
oped by Boeing-Vertol for the Advanced Digital/Optical Control System (ADOCS) program
(ref. 4).
Tables ii through 15 show level flight trim characteristics and dimensional sta-
bility derivatives generated by the Boeing-Vertol UH-60 math model for comparison
with the data presented in tables 4 through i0. These derivatives were generated
under the same conditions as the UH-60 derivatives were, but with significantly larger
perturbation sizes, a slightly higher aircraft gross weight, and a faster main rotor
rotational velocity. Figures 12 through 17 illustrate six of the more important UH-60
stability derivatives vs airspeed. For these plots, the UH-60 data are shownas well
as the data generated from the Boeing-Vertol UH-60math model.
CONCLUDINGREMARKS
The mathematical model of a UH-60helicopter described in this report was devel-
oped for real-time piloted simulation. To date, this model has been used successfully
in two handling qualities simulation experiments on the six-degree-of-freedom Vertical
Motion Simulator (VMS)at NASAAmesResearch Center (refs. 5 and 6) in support of the
ADOCSprogram.
For these simulations, however, high levels of stability augmentation were added
to the baseline UH-60math model, thus effectively masking manyof the characteristics
of the basic aircraft. The baseline UH-60model has not been evaluated in real-time
piloted simulations nor has it been validated with flight data to determine the accu-
racy with which it models the actual aircraft dynamics and handling qualities. In
addition, neither the analog and digital stability augmentation system (SAS) nor the
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TABLEi.- UH-60DESCRIPTIONREQUIREMENTS
Description Algebraic Computersymbol mnemonic Units UH-60







MR flapping spring constant
MR pitch-flap coupling tangent
of 63
MR blade twist
MR precone angle (required for
teetering rotor)
MR solidity
MR lift curve slope
MR maximum thrust















TR lift curve slope
TR hub stationline
TR hub waterline
RMR ROTOR ft 26.83
CMR CHORD ft 1.73
aMR OMEGA rad/sec 27.0
nb BLADES N-D 4.0
YMR GAMMA N-D 8.1936
e EPSLN percent/100 .04659
K8 AKBETA ib-ft/rad 0
K I AKONE N-D 0
etM R THETT rad -.3142
a0M R AOP rad 0
OMR SIGMA N-D .08210
aMR ASLOPE rad -I 5.73
CTmax CTM N-D .1846
i CIS rad .05236
s
ST_ STAH in. 341.2
WL H WLH in. 315.0
_R RTR ft 5.5
_TR OMTR rad/sec 124.62
YTR GAMATR N-D 3.3783
OTR STR N-D .1875
KIT R FKITR N-D .7002
a0T R AOTR rad .01309
8tT R THETR rad -.3142
aTR ATR rad -I 5.73
STATR STATR in. 732.0
WLTR WLTR in. 324.7
Ii
TABLEi.- CONTINUED
Description, Algebraic Computersymbol mnemonic Units UH-60
Aircraft mass and inertia
Aircraft weight W.ic
Aircraft roll inertia IXX
Aircraft pitch inertia Iyy
Aircraft yaw inertia IZZ
Aircraft cross product of inertia Iyz
Center of gravity stationline STA
c.g.
Center of gravity waterline WL
c.g.
Center of gravity buttline BL
c.g.
Fuselage (Fus)
Fus aerodynamic reference point STAAc F
stationline





HS incidence angle iHS
HS area SHS
HS aspect ratio A_S
HS maximum lift curve slope CLmaxHs
HS dynamic pressure ratio _HS





VF incidence angle iVF
VF area SVF
VF aspect ratio A_F
VF sweep angle A F
VF maximum lift curve slope CLmaxvF
VF dynamic pressure ratio nVF























































































Swashplate lateral cyclic pitch
for zero lateral cyclic stick
Swashplate longitudinal cyclic




Lateral cyclic control sensitivity
Main rotor root collective pitch
for zero collective stick
Main rotor collective control
sensitivity
Tail rotor root collective pitch

































Longitudinal stick to longitudinal cyclic 6e/_ep
Lateral stick to lateral cyclic _a/Sap
Collective stick to collective control 8c/_Cp
Pedals to directional control 6p/_pp
Crossfeed gains
Collective stick to longitudinal cyclic 6e/_Cp
Pedals to longitudinal cyclic _e/6pp
Collective stick to lateral cyclic _a/_Cp
Collective stick to directional control _p/6Cp
Feedback gains in./rad/sec
Pitch rate to lateral cyclic 6a/qB
















































































• _ _ _ 12 • ' •































































































































































































































































































































































































































































































































































































































































































































































TABLE 12.- X, Y, AND Z-FORCE STABILITY DERIVATIVES
































































































TABLE 13.- M-MOMENT STABILITY DERIVATIVES












































































































TABLE 14.- L-MOMENT STABILITY DERIVATIVES
BOEING-VERTOL UH-60 MATH MODEL
Equivalent airspeed, knots
Units







































































































------ WIND TUNNEL DATA
.D_D= f(cos o_f,sin 2 o_f)q
I | I I I I | II
-80 -60 -40 -20 0 20 40 60 80
_f, deg













L = f(cos _f, sin elf, sin 2_f, sin2 _f)q
i i =, i m t = L i
-80 -60 -40 -20 0 20 40 60 80
_f, deg













.... WIND TUNNEL DATA
M= f(_f, cos _f, sin 2_, sin 2 o_f)q
I I I
I I I I I
-60 -40 -20 0 20 40 60 80
_f, deg




----- WIND TUNNEL DATA






-80 -60 -40 -20 0 20 40 60
_w, deg "
80





















































Y - f(sin _w, sin 2_ w, sin 4_w)q
t I I I
-80 -6(} "_ -40 -20 0
_w' deg
I I I 1 I
I I I I1
20 40 60 80







- f(sin _Jw, cos 4_ w,
q c°s3 _Jw, c°s4 _Jw)
!=0
q













I I I I I
! I I
-80. -60 -40 -20 0 20 40 60 80
¢w, deg
Figure 8.- Fuselage rolling moment vs sideslip.
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------ WIND TUNNEL DATA
N= f(sin 2_ w, cos4 _w )q
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_w, deg
20 40 60 80















BIAS = -80 knots
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Figure 12.- Drag damping vs airspeed.
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Figure 17.- Yaw damping vs airspeed.
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